Although analysis of the mammalian cortex has traditionally emphasized connectivity patterns to explain neuronal response properties, it seems certain that information processing in complex cortical circuits depends not only on the synaptic arrangement of the constituent neuronal elements, but also on how signals are transformed by these elements. Intracellular recordings in vivo and in vitro suggest that the intrinsic membrane properties of different types of cortical neurons are distinct. For example, cortical neurons have been classified as "regular spik-
Although analysis of the mammalian cortex has traditionally emphasized connectivity patterns to explain neuronal response properties, it seems certain that information processing in complex cortical circuits depends not only on the synaptic arrangement of the constituent neuronal elements, but also on how signals are transformed by these elements. Intracellular recordings in vivo and in vitro suggest that the intrinsic membrane properties of different types of cortical neurons are distinct. For example, cortical neurons have been classified as "regular spik-ing," " fast spiking," or "bursting" based on stereotyped differences in action potential waveforms and repetitive firing properties (McCormick et al., 1985; Connors and Gutnick, 1990) . Cortical neurons have also been classified according to distinct subthreshold electrical response properties (Mason and Larkman, 1990 ) and, more recently, according to the density of voltage-gated ion channels (Giffin et al., 1991) . Interestingly, available evidence suggests that the observed electrophysiological distinctions among cortical neurons correlate with specific anatomical or biochemical features of the cells or with the circuits in which the cell participate (Connors and Gutnick, 1990) . For example, some layer 5 cells are bursting, whereas others are regular spiking (Chagnac-Amitai et al., 1990; Connors and Gutnick, 1990; Mason and Larkman, 1990 ) and the time-dependent responses to cell hyperpolarization in layer 5 bursting and regular spiking cells are distinct (Mason and Larkman, 1990) .
Assuming that the finding of electrophysiological phenotypes must reflect differences in the expression of distinct membrane conductance pathways in different cortical cell types, we have developed methods that allow us to identify different types of cortical neurons in vitro and to examine the membrane properties of these cells directly (Giffin et al., 1991; Solomon and Nerbonne, 1993a,b) . In the experiments described here, we have combined whole-cell recording with in vivo retrograde labeling techniques and examined the hyperpolarization-activated currents in two types of visual cortical projection neurons, superior colliculus-projecting (SCP) and callosal-projecting (CP) cells. SCP neurons are a homogeneous population of large, layer 5 pyramidal cells with a prominent apical dendrite that extends to layer 1, where it ends in a characteristic tuft (Schofield et al., 1987; Hallman et al., 1988) . Intracellular recordings from layer 5 neurons with this morphology suggest that SCP cells are bursting cells (Chagnac-Amitai et al., 1990; Mason and Larkman, 1990) . CP neurons, in contrast, are anatomically (Ivy et al., 1979; Innocenti, 198 l), morphologically (Voigt et al., 1988; Buhl and Singer, 1989) and physiologically (Harvey, 1980) heterogeneous. Nevertheless, CP neurons are expected to be regular spiking cells (Connors and Gutnick, 1990; Mason and Larkman, 1990) .
Recently, we reported the presence of a hyperpolarizationactivated inward current, termed I,,, that underlies the slow depolarizing sag (Mason and Larkman, 1990) in membrane potential observed in SCP cells during maintained hyperpolarizing current injections (Solomon and Nerbonne, 1993a) . In addition, we demonstrated that deactivation of Ih is responsible for a transient overshoot (Mason and Larkman, 1990 ) of the membrane potential following the offset of a prolonged hyper-polarizing input (Solomon and Nerbonne, 1993a) . Similar to other "nontraditional inwardly rectifying" currents (DiFrancesco, 198 l), Zh in SCP cells is a mixed sodium and potassium current that begins to activate near -60 mV (Solomon and Nerbonne, 1993a) . Unlike other cells, however, Z,, in visual cortical cells comprises two kinetically distinct components, which we have termed Z,,.fand Z,,, to denote the fast and slow components, respectively, of inward current activation (Solomon and Nerbonne, 1993b) . Here, we demonstrate that Z,,,and Zh,* are differentially distributed in SCP and CP cells, thereby revealing electrophysiologically distinct classes of cortical projection neurons.
Materials and Methods
Cel l identification. Whole-cell voltage-clamp recordings were obtained from identified superior colliculus-projecting (SCP) and callosal-projetting (CP) neurons isolated from rat primary visual cortex on postnatal day 9 (P9), P12, and P15, and maintained for varying times in vitro up to 2.5 d. Methods for identifying, isolating, and recording from cortical projection neurons were essentially identical to those previously described (Giffin et al., 199 1; Solomon and Nerbonne 1993a,b) .
Projection neurons were identified in vitro following in vivo retrograde labeling with fluorescent microspheres (Lumafluor). SCP cells were labeled by pressure injection of rhodamine beads (Katz et al., 1984) into the ipsilateral superior colliculus of P5-P6 Long-Evans rat pups (Huettner and Baughman, 1986; Thong and Dreher, 1986 ) under halothane anaesthesia. CP cells were labeled at the same time by pressure injection of fluorescein beads (Katz and Iarovici, 1990) into the contralateral primary visual cortex. On P9, P 12, or PI 5, labeled primary visual cortex was isolated and dissociated using a modified version (G&n et al., 199 1) of the procedure of Huettner and Baughman (1986) . Isolated visual corticaineurons were plated on previously prepared monolayers of cortical astrocvtes (Raff et al., 1979) and maintained in a humidified 95% 0,, 5% Cd, atmosphere at 37°C. Isolated SCP and CP neurons could be easily identified in vitro under epifluorescence illumination at 400 x (Fig. 1) .
In selected animals, SCP and CP cells were examined in slide-mounted coronal sections through primary visual cortex. Following deep anesthesia with phenobarbital, P 13 rat pups were perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were removed and incubated for 2 d in 4% paraformaldehyde containing 30% sucrose. Fifty micrometer coronal sections through primary visual cortex were then cut on a freezing microtome, mounted on gelatin-coated glass slides, and coverslipped. Alternate Nissl (cresyl violetbstained sections were used to demarcate the boundaries of area 17 and to delimit cortical laminae.
Electrophysiolom. Whole-cell recordings (Hamill et al., 198 1) were obtained from identified projection neurons at room temperature (2 1oC). The bath solution contained (in mM) 115 NaCI, 25 tetraethylammonium chloride, 10 N-2-hydroxyethylpiperazine-N'-2-ethaneiulfonic acid (HEPES), 5 glucose,.2.5 &Cl,, 2 MgCl,, and 0.001 tetrodotoxin. The recording nioette solution contained (in mM) 140 KCl, 10 ethylene glycol-b&(aminoethyl ether)-N,N, N',N', tetm-acetic acid (EGTA), 10 HEPES, 5 glucose, 3 Mg-ATP, 2.07 CaCl,, and 0.5 Na-GTP. The free calcium concentration of this solution, measured with a calcium-sensitive electrode (Orion), was 100 nM. The bath and pipette solutions were adjusted to a pH of 7.3 by the addition of concentrated NaOH, KOH, or Tris(hydroxymethyl)aminomethane (Tris base). Current signals, obtained with a Dagan 8900 patch-clamp amplifier with 1 GQ feedback resistor were low-pass filtered at 2 kHz using an eight-pole Bessel filter (Frequency Devices) prior to digitization using a TL-1 interface (Axon Instruments) and storage on an IBM-AT computer. Voltage-clamp paradigms and data acquisition were controlled using CLAMP (Axon Instruments). Adequacy of cell membrane voltage control was examined by fitting the decay phases of the capacitance transients recorded during + 10 mV voltage steps from a holding potential of -60 mV (Solomon and Nerbonne, 1993a) . Only cells with capacitance transients well described by a single exponential, that is, the amplitude of any additional component was 5 3% of the amplitude of the primary exponential component, were considered to behave as a single electrical compartment, and only these cells were accepted for further analyses (see Table 1 ). The 3% criterion was established because Results) . In 14 of the 83 cells analyzed, the time constants for I,,,, determined from fitted curves, were >5 set; in one of these 14 cells, the activation time constant for I,,, was > 50 min. Because the hyperpolarization-activated current records from which these values were derived were only 4.4 set in duration, time constants >5 set are considered meaningless. Therefore, all time constants greater than the arbitrary value of 5.3 set were ignored. Fitted current amplitudes ~0.2 pA were considered to be equal to zero. The statistical tests used to examine differences among cells are indicated throughout the text. Parametric statistical tests (i.e., t test, ANOVA) were used when comparing population samples that were normally distributed. Otherwise, nonparametric tests, such as the Kolmogorov-Smimov test or the KmskalWallis ANOVA by ranks, were performed. In all cases, statistical significance was set at the p = 0.05 level.
Results
Identification of cortical projection neurons Retrograde labeling techniques were used to identify SCP and CP neurons in fixed tissue sections and in dissociated cell cultures of rat primary visual cortex. SCP and CP neurons could be studied in the same preparation following in vivo injections of rhodamine-and fluorescein-conjugated latex beads (Katz et al., 1984; Katz and Iarovici, 1990) into the ipsilateral superior colliculus and the contralateral primary visual cortex, respectively. SCP and CP cells were labeled in single rat pups to verify that SCP and CP neurons are distinct cell populations (Catsmann-Berrevoets et al., 1980; Giffin et al., 1991) and, in addition, to allow us to compare the properties of cells isolated, maintained, and studied under identical conditions. The epifluorescence micrograph shown in Figure 1A illustrates that following bead injections on P5, rhodamine bead-labeled SCP cell bodies (red) are restricted to layer 5, whereas fluorescein beadlabeled CP cell somata (green) are present throughout cortical layers 2-6. Double-labeled cells were never detected during examinations of bead-labeled neurons either in tissue sections ( Note that, at all times, the mean capacitance of CP cells was significantly lower than that of SCP neurons in the same preparations. For SCP cells, there was a measurable increase in mean cell capacitance between days 0 and 1, but no further increase between days 1 and 2 was seen. No changes in mean CP cell capacitance as a function of time in vitro were observed (see Results).
Electrophysiological recordings
Hyperpolarization-activated inward currents were examined in whole-cell voltage-clamp recordings from 45 identified SCP neurons and 54 identified CP neurons in nine preparations. Cultures were prepared from neonatal rat pups on P9, P12, and P15 to allow examination ofany possible age-dependent changes in current densities and properties over the second postnatal week. In addition, the possible effects of tissue dissociation and time in vitro were investigated by comparing recordings from freshly isolated cells with those from cells maintained for l-2 SCP CP 1 d in culture. In Table 1 Figure 3 . Variations in hyperpolarization-activated current waveforms in cortical projection neurons. Hyperpolarization-activated currents, recorded during voltage steps to potentials between -50 and -110 mV from a holding potential of -40 mV, are plotted as points; the protocol is shown below the current records. Vertical calibration is 100 pA for SCP and 50 pA for CP 1-3. Superimposed on the currents recorded during voltage steps to potentials negative to -60 mV in panels SCP, CP I, and CP 2 are the best-fit solutions (lines) to Equation 1 with time constants from Table 2 . SCP, Hyperpolarization-activated inward current waveforms recorded in a typical SCP neuron comprise three distinct components: SCP cells, no significant increases in whole-cell membrane capacitance were evident in CP cells maintained for l-2 d in vitro (ANOVA and Kruskal-Wallis ANOVA).
Distinct components of hyperpolarization-activated inward current
The consistently observed response of SCP neurons hyperpolarized to potentials negative to -70 mV is an instantaneous increase in inward current followed by a slow, time-dependent inward current increase (Fig. 3, SCP) . Similar inward current waveforms were recorded in the majority of CP cells examined (Fig. 3, CP l) , although the amplitudes of the currents were significantly lower in CP than in SCP cells (see also below). In addition, and in contrast to the similarity among SCP neurons, we observed considerable variability in the responses of CP neurons to hyperpolarizing voltage steps (Fig. 3, CP l-3) . In some CP cells, for example, distinct and very slowly activating inward currents were recorded (Fig. 3, CP 2) and, in others, no time-dependent inward currents were evident (Fig. 3, CP 3) . The heterogeneity in the hyperpolarization-activated current waveforms among CP cells (Fig. 3) raised the interesting possibility that the hyperpolarization-activated current waveforms in CP and SCP cells may reflect the differential distribution of distinct conductance pathways. Subsequent analyses, therefore, were directed toward detailed characterization of the hyperpolarization-activated inward current waveforms in both cell types.
Recently, we demonstrated that the total hyperpolarizationactivated inward currents evoked in SCP neurons during prolonged voltage steps to potentials negative to -60 mV comprise three distinct components: (1) I,.,,, an instantaneously activating, noninactivating current that may represent multiple resting conductance pathways; (2) Zh,,, a noninactivating inward current that activates over hundreds of milliseconds; and (3) I,,$, a noninactivating inward current that activates over seconds (Solomon and Nerbonne, 1993a,b) . Interestingly, neither Zh,, nor Zh,$ in SCP cells inactivates measurably even during maintained Mean activation time constants for I,,,and Ih,,, derived from fits of Equation I to hyperpolarizatidn-activated current records in both SCP and CP neurons. Current waveforms were fitted (as rate constants) to single-exponential expressions (Eq. 2). Idealized activation time constants for I,,, and I,,, at each test potential were calculated from the corresponding rate constants on the two fitted curves (Fig.   4B ).
depolarizations (Solomon and Nerbonne, 1993b) . Due to a voltage-dependent delay in the activation of Zh,/, biexponential expressions describing inward current activation in these cells are best fitted to the data when the I,,, term is raised to an exponent of 1.34 (Solomon and Nerbonne, 1993b) . Inward current activation in SCP neurons is thus well described by the expression Z total = Z,,,, + Zh,& 1 -e-'/rh.f)r 34 + Z,,s,,,( 1 -e-"rh.r),
where LI is the total inward current, and Z,,x,rJ and r,,X are the steady state amplitudes and activation time constants, respectively, of the time-dependent inward current components. Time constants for inward current activation in SCP neurons, determined from fits to the rising phases of the currents recorded during membrane hyperpolarizations in records such as those illustrated in Figure 3 , are plotted in Figure 4A . As noted above and illustrated in Figure 3 (CP 1) hyperpolarization-activated inward current waveforms in some CP neurons are similar to those in SCP neurons. For these cells, the currents were also well fitted by Equation 1, and the best least-squares fitted time constants for both Zh,/ and Z,,s were not significantly different (t test) from those in SCP cells (Fig. 4A ). In addition, for both SCP and CP cells, neither T,,/ nor 7h,s varied as a function of animal age at isolation or length of time in culture. Because of the small amplitudes of the hyperpolarizationactivated inward currents, the voltage range over which the time constants and the amplitudes of the individual current components could be determined was limited. This was particularly 
where kh.x is the activation rate constant of the current component L 6L = 1/7,,J, V is the test potential, and A, and A, are free parameters. The mean activation rate constants for I,,, and Z,,, determined from the pooled data from SCP and CP neurons were well described (r = 0.99 and r = 0.98, respectively) by this expression (Fig. 4B) . Values for ~,,r and T,,$ could then be estimated throughout the voltage range of inward current activation. The values are given in Table 2 . Comparison of hyperpolarization-activated current components in SCP and CP neurons The amplitudes of I,.,,, I,,,, and I,,s were examined with respect to cell type (SCP or CP), length of time in culture, and age at dissociation by fitting current records with Equation 1. As illustrated in Figure 3 , the time-dependent inward current waveforms were well described by Equation 1 with time constants fixed to the values given in Table 2 . Current amplitudes, determined from these fits, were normalized to cell capacitance and subsequently expressed as current densities to allow comparisons to be made among cells of differing sizes. On visual inspection of the voltage-clamp data (see, e.g., Fig.  3 ) it appeared that both I,,/ and Z,,s were present in all SCP neurons, but that some CP cells displayed little or no detectable time-dependent inward currents. To determine if this impression was quantitatively correct, I,,/ and Z,,s amplitudes in individual cells were determined using Equation 1 and the time constants given in Table 2 , and the densities of the two current components were calculated. The distributions of I,,/ densities at -100 mV determined for 17 SCP cells and 19 CP cells examined at 1 d in vitro are tabulated in Figure 5A -D. Similar results were obtained for cells examined on day 2 (data not shown). As is evident in Figure 5A , I,,, is present in all SCP neurons, and the distribution of current densities is well described by a normal distribution. I,,, densities in CP neurons, in contrast, are not normally distributed (x2 test, p < 0.05), and, A. reveals that the densities of both current components are substantially lower in CP than in SCP cells. Note that the point at the origin (0, 0) corresponds to the data from four cells. Interestingly, the distributions of current densities in CP neurons appeared to fall into groups, differing in the expression of one or both time-dependent inward current component(s). B and C, Fractional representation of the distributions of hyperpolarization-activated inward currents in SCP and CP neurons. The density measurements in A were grouped depending on the presence of I,nw In,/, and I*,. B, For SCP neurons, both I,,,and I,,, were evident 2 1 of the 23 cells (91%) examined; in the other two cells, only Ih,, was detected (see Discussion). C, CP neurons, in contrast, could be partitioned into at least three distinct groups. In the majority of CP cells, both I,,, and I,,, were evident. In 26% of CP cells, however, only I,,$ was detected and, in 12% of the cells, no measurable time-dependent hyperpolarization-activated inward currents were recorded. There was also one CP cell in which only I,,/ was present (see Discussion).
in 7 of the 19 (37%) cells studied, no Zh,, was detectable (Fig.  5B) . Interestingly, Z,,s densities at -100 mV are normally distributed in both SCP and CP neurons, although in two SCP and four CP cells, no measurable Zh,s component was detected ( Fig.  5C,D ; see also below).
In Figure 6A , I,,, density is plotted versus Z,,s density for the hyperpolarization-activated inward currents evoked at -100 mV in 23 SCP and 34 CP neurons. This plot suggested that CP, but not SCP, neurons partition into groups that differ in terms of I,,/ and Z,,s expression. From the current density measurements, therefore, cells were grouped depending on the presence Of zinst, I,,/, and Z,,, (Fig. 6AJ) . As is evident in Figure 6A , SCP neurons are quite homogeneous with respect to the expression of hyperpolarization-activated inward currents. Although 2 of the 23 (8.7%) SCP cells appeared to lack Zh,sr these two cells likely reflect the low end of the normal distribution of Z,,s densities (Fig. 5C ). CP neurons, in contrast, appear to fall into (at least) three distinct groups (Fig. 6C) . In 20 of the 34 (or 59%) CP cells examined, the waveforms of the hyperpolarization- (0) neurons between days 0 and 1. Interestingly, there was also a further increase in Z,,,density in SCP neurons (B) between days 1 and 2, although Z,,, density was not changed. In CP cells, neither I,,, nor Zh,$ density increased between days 1 and 2. activated inward currents resemble those seen in SCP neurons, although, as noted above, current amplitudes are significantly lower in CP (Fig. 3 , CP 1) than in SCP (Fig. 3, SCP) cells. As would be expected, analyses of the current waveforms revealed that both I,,.[ and Z,,r are present in these cells. In 9 of the 34 (26%) CP neurons (such as the cell illustrated in Fig. 3, CP 2) , however, analyses of the inward current waveforms revealed the presence of a single slowly activating inward current component; the hyperpolarization-activated currents in these cells are dominated by I,,$. In Figure 6A , these are the nine cells clustered on the x-axis with I,,, density equal to zero. Finally, in 4 of the 34 (12%) CP cells, no time-dependent hyperpolarization-activated inward currents were evident (Fig. 3, CP 3) ; these 4 cells are plotted at the origin of Figure 6A . There was also one CP cell in which Z,,l was present, but I,,, was not detectable. It is difficult to determine whether this represents a distinct class of CP neurons, or simply the low end of the distribution of Zh,$ densities in the subpopulation of CP neurons expressing both I,,, and I,,,. By analogy, it might be suggested that cells displaying no time-dependent inward currents (Fig. 3 , CP 3), in fact, represent the low end of the density distribution of cells displaying only Zh,s at -100 mV (Fig. 3, CP 2 ). If this were the case, however, one would expect to find as many cells displaying only Z,,,as cells displaying only I,.,,. Clearly, this was not found experimentally. Thus, it seems most likely that the apparent absence of Z,,s in the two SCP cells and one CP cell in which Z,,/was evident simply reflects the low end ofthe (normal) distributions of Zh,s densities in these cells.
Hyperpolarization-activated currents over time in culture
Mean current densities at -100 mV for I,.,,, Zh,,, and Z,,l as a function of time in vitro are plotted in Figure 7 ; only nonzero current densities were included in the determinations of these means. As is evident, mean I,,,, density is not significantly different in SCP and CP cells and does not change over the first 2 d in culture (ANOVA). I,,, and Z,,l densities, in contrast, increase significantly in both SCP and CP neurons (Kruskal-Wallis ANOVA) between days 0 and 2 in vitro. In addition, Z,,,and Z,,r densities are significantly larger in SCP neurons than in CP neurons over the first 50 hr in culture (t test and KolmogorovSmimov test, p < 0.05). Differences in the densities of the timedependent currents between the two cell types were no longer significant by day 2 in vitro. Similar to the capacitance determinations described above, however, these measurements may well be influenced by the selection of neurons in which adequate spatial control of the membrane voltage could be demonstrated (see Materials and Methods). There were no differences in the densities of the hyperpolarization-activated current components in either SCP or CP cells isolated at P9, P12, or P15.
Voltage dependences of I,, and I,,, The normalized current-voltage (Z-v) relations for I,,, and Z,,s are plotted in Figure 8 . Normalized I,., was approximately linear in both SCP and CP neurons, intersecting the voltage axis at the average zero current potentials of -56 and -58 mV for SCP and CP cells, respectively (data not shown). The amplitudes of I,,, and Z,,r in each cell were measured and normalized to their respective values recorded in the same cell at -100 mV. In both cell types, I,,, begins to activate at potentials negative to -60 mV (Fig. 8A) , and the normalized Z-V curves appear linear at potentials negative to approximately -90 mV. In contrast to I,,,, the normalized Z-V relations for I,,$ in both SCP and CP neurons appear sigmoidal (Fig. 8B) . Although Z,,s also begins to activate negative to -60 mV, the Z-V curve for Z,,s is considerably steeper than that for I,,,, and it appears to saturate (rather than become linear as seen for I,,,) at potentials negative to approximately -90 mV. A sigmoidal Z-V relationship may suggest complex ion permeation characteristics or atypical gating properties of the Z,,s conductance pathway (see Discussion). There was no effect of age at dissociation or length of time in vitro on the voltage dependencies of Z,,,or I,,$ for either SCP or CP cells.
Discussion

Distinct populations of cortical projection neurons
Combining in vivo retrograde fluorescent labeling techniques and in vitro whole-cell recordings has allowed examination of the distribution of hyperpolarization-activated currents in two anatomically identified subpopulations of visual cortical projection neurons. Although both groups of cells were retrogradely labeled by virtue of their projections outside of area 17, they are distinct cell populations. Consistent with previous doublelabeling studies (Catsmann-Berrevoets et al., 1980; Hallman et al., 1988) , we found no cells labeled with both rhodamine-and fluorescein-conjugated beads following injections into the ipsilateral superior colliculus and the contralateral primary visual cortex. Thus, the two cell populations appear to be distinct and nonoverlapping. SCP neurons are generally considered morphologically (Schofield et al., 1987) and anatomically (Hallman et al., 1988) homogeneous. Recent work suggests that SCP cells may also be electrophysiologically homogeneous (Mason and Larkman, 1990; Wang and McCormick, 1993) . By visual inspection, rhodamine bead-labeled SCP cells are among the largest cells in dissociated cortical cultures prepared from P9-P15 Long-Evans rat pups. The uniformly large size of these cells is also reflected in measurements ofwhole-cell membrane capacitances. SCP cell membrane capacitance was normally distributed and, assuming a specific membrane capacitance of 1 pF/cm*, our data suggest a mean diameter of approximately 26 pm for SCP cells studied on the day of plating. The analyses of hyperpolarization-activated currents here also suggest that SCP neurons are rather uniform in that I,,, and Zh,s densities are normally distributed, and Z,,.fis present in all cells. In 2 of the 23 (9%) cells studied, however, no I,,$ was detectable. Because I,,$ amplitudes in these cells are small and Zh,$ densities are normally distributed, however, we suggest that the absence of Zh,> likely reflects Zh,s densities at the low end of the distribution, rather than that Zh,s channels are not expressed in a subset (9%) of SCP cells.
In contrast to SCP cells, CP neurons are generally considered to be a heterogeneous group of cortical neurons. CP cells, for example, display a variety of receptive field (Harvey, 1980) and ocular dominance (McCourt et al., 1990) properties. In addition, although the majority of CP cells are pyramidal, a substantial number are spiny stellate (Voigt et al., 1988) . Recently, it has been reported that a number of smooth, nonpyramidal cells also project across the callosum (Buhl and Singer, 1989; Peters et al., 1990) . In the experiments here, CP neurons were readily distinguished from SCP neurons by their passive and active membrane properties. As a group, CP neurons are significantly smaller than SCP cells, and the non-Gaussian distribution of cell capacitances suggests size heterogeneity within the population of CP cells. Heterogeneity among CP cells was also evident in recordings of hyperpolarization-activated currents. Cur-A.
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Test Potential (mv) 1 -110 -90 cells are distinct. We should also note that because Zh,r densities were normally distributed, it is possible that cells with no measurable time-dependent currents are a subset of cells that express only I*,$ at undetectable levels. In addition, it is certainly possible that additional smaller subsets of CP cells exist.
Changes over time in culture Electrical recordings were obtained from cells dissociated from rat pups between P9 and P 15 and maintained in culture for up to 2.5 d. Although age at isolation had no effect on any recorded parameter, length of time in culture had marked effects on capacitance and hyperpolarization-activated current measurements. Mean SCP cell capacitance increased significantly between days 0 and 1. No further increase in capacitance was observed on day 2, although as noted previously, this likely results from selection of cells that could be voltage clamped. This selection tends to exclude cells with elaborate neurite outgrowth, which is robust in our cultures. Interestingly, no significant increase in mean CP cell capacitance was observed.
I,+, and Ih,$ densities increased in both SCP and CP neurons between days 0 and 1. Because density measurements are normalized to cell capacitance and, thus, membrane surface area, an increase in current density over time in culture is not compatible with a model of cell growth in which homogeneous units of channel-containing membrane are added. In other words, unlike the expression of I,.,,, the expression of time-dependent inward currents over time in culture is out of proportion with respect to the addition of new membrane. An increase in current density might be expected if time-dependent inward current channels were preferentially localized on cell processes. If neurite membrane contained a higher density of time-dependent inward current channels, the preferential growth of neurites with respect to the cell body would be reflected as an increase in current density. Alternatively, it is possible that the increases in Z,,,and Ih,s densities between days 0 and 1 in vitro reflect the preferential increase in time-dependent inward current channels in the cell bodies of CP and SCP cells. It is certainly also possible that both of these factors contribute. Further experiments will be necessary to clarify directly the underlying mechanisms.
It might be suggested that the finding of different classes of CP cells reflects the deleterious effects of the cell dissociation procedure on the hyperpolarization-activated inward currents in these cells. In our view, however, this seems highly unlikely for several reasons. First, and most importantly, the amplitudes and density distributions of hyperpolarization-activated currents in CP neurons are lower and more heterogeneous than those in SCP neurons derived from the same preparation. Second, membrane potential recordings from layer 5 neurons in the in vitro slice preparation reveal that the depolarizing sag in the membrane potential produced by I,, activation is largest in layer 5 cells with the morphology of SCP cells, intermediate in layer 5 cells suspected to be CP cells, and undetectable in layer 2/3 cells (Mason and Larkman, 1990) . Finally, Z,,,and Z,,p densities in SCP and CP cells remain constant between days 1 and 2 in vitro. Thus, it seems highly unlikely that the finding of different CP classes reflects some artifact of the tissue dissociation and culture methodologies. Rather, we interpret the finding that I,,, and I,,r are differentially expressed in CP cells as indicating that these two current components reflect the presence of two functionally distinct conductance pathways or channels that are differentially distributed in subtypes of CP cells.
Distinct properties of I,,f and I,,, The time-and voltage-dependent properties of I,,{ and Ih,$ in CP neurons are indistinguishable from those in SCP neurons (Solomon and Nerbonne, 1993b) . The normalized Z-V relationship for Z,,, is also similar to that previously reported for the total hyperpolarization-activated current in SCP neurons (Solomon and Nerbonne, 1993a) . Interestingly, however, the normalized I-I/ relations for I,,$ in both cell types are quite different from that of Zh,/. Although both Zh,/ and Ih,> begin to activate at approximately -60 mV, the activation of Z,,s is more steeply voltage dependent and saturates near -90 mV. Saturation of the I,,, 1-V curve indicates that, in the face of an increasing driving force, there is a decrease in h,s conductance. Although it is possible that the saturation of the I-I/ curves results from incorrect current amplitude measurements derived from a poorly fitting kinetic model, this explanation seems unlikely because the time constants used to determine the current amplitudes in the range of voltages where saturation was observed are not on the extrapolated portion of the model (Eq. 2). Saturation also likely does not reflect difficulties in resolving Z,,,, from the baseline (I,,,,) or from I,,, because saturation of Zh.$ occurs at extremely hyperpolarized potentials where the activation time constants for I,,$ are approximately 3 orders of magnitude larger than those of I,,,, and the currents are most readily distinguished from I,.,,. Rather, it seems most likely that the sigmoidal I-l/relation for I,,$ reflects unconventional aspects of the channel gating or ion permeation properties of I,,$ channels. In a simple two state model, a biphasic Z-l' relationship could be generated if the unidirectional rate constant for channel closing is more steeply voltage dependent than the rate constant for channel opening. In this case, although the activation time constants might continue to decrease with hyperpolarization, the conductance would also start to decrease as the total number of open channels begins to be controlled by the closing rate. A second possibility is that the conductance may decrease with increasing driving force due to voltage-dependent open channel block. Further experiments will be necessary to distinguish between these possibilities.
Physiological roles for hyperpolarization-activated currents The time-dependent hyperpolarization-activated currents in SCP neurons have been shown to underlie the depolarizing sag and overshoot phenomena observed during and following, respectively, hyperpolarizing current injections (Solomon and Nerbonne, 1993a) . Because of the very slow kinetics of activation and deactivation of these currents (Solomon and Nerbonne, 1993b) , these changes may represent a type of electrical "shortterm memory." That is, because of the presence of I,, channels, sustained or repetitive hyperpolarizing inputs could alter cell resting membrane potential and input resistance over a time course of hundreds of milliseconds. Also, because the posthyperpolarization overshoot ofthe resting membrane potential can be of sufficient magnitude to bring a cell to threshold (Solomon and Nerbonne, 1993a) , the activation of these time-dependent inward currents may be important in generating patterns of posthyperpolarization "rebound" firing (Spain et al., 1991) . It is important to note that, although the experiments here have focused on the properties and densities of the I,, channels expressed in or near the cell bodies of CP and SCP cells, the presence of I,, channels at sites distant from the soma is also expected to be important in determining the responses to syn-aptic inputs and in determining the overall input-output relations of different types cortical neurons.
The physiological significance of the variations in hyperpolarization current densities between SCP and CP neurons, as well as among the different classes of CP neurons, remains to be determined. Interestingly, it has been demonstrated that CP cells receive dense GABAergic innervation, and that the number of inhibitory contacts on CP cells is higher than on geniculateprojecting cells (Fariiias and DeFelipe, 199 1) . Relating these findings to the results presented here points to the importance of understanding the intrinsic membrane properties of cortical neurons, in addition to the synaptic connections between neurons, if one really hopes to understand how cortical circuits, as well as each of the individual neurons within the circuit, function. For example, in spite of marked differences in the numbers of inhibitory synaptic contacts made on SCP and CP cells, it is possible that the two cell types will respond in a similar fashion to synaptic inhibition due to the differential expression of I,, channels. Alternatively, differences in the densities of I,,, and Ih,s among CP cells would be expected to influence how different (CP) cells respond to the onset and offset of synaptic inhibition, even if the number of inhibitory contacts on each cell is the same. It will be of considerable interest to examine the role of I,,,, Zh,,, and I,,$ in determining the responses of different types of cortical projection neurons to inhibitory, as well as excitatory, synaptic inputs.
